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The evolutionarily conserved yeast Mecl and Tell
protein kinases, as well as the Mecl-interacting
protein Ddc2, are involved in the DNA damage check-
point response. We show that regulation of Tell and
Ddc2-Mecl activities is important to modulate both
activation and termination of checkpoint-mediated
cell cycle arrest. In fact, overproduction of either Tell
or Ddc2 causes a prolonged cell cycle arrest and cell
death in response to DNA damage, impairing the
ability of cells to recover from checkpoint activation.
This cell cycle arrest is independent of Mecl in
UV-irradiated Tell-overproducing cells, while it is
strictly Mecl dependent in similarly treated DDC2-
overexpressing cells. The Rad53 checkpoint kinase is
instead required in both cases for cell cycle arrest,
which correlates with its enhanced and persistent
phosphorylation, suggesting that unscheduled Rad53
phosphorylation might prevent cells from re-entering
the cell cycle after checkpoint activation. In addition,
Tell overproduction results in transient nuclear div-
ision arrest and concomitant Rad53 phosphorylation
in the absence of exogenous DNA damage independ-
ently of Mecl and Ddcl.
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Introduction

Eukaryotic cells respond to DNA damage and replication
blocks by delaying cell cycle progression through a
surveillance mechanism known as the DNA damage
checkpoint, thus providing the time to restore the correct
DNA structure before entering the next cell cycle phase.
Failure of DNA repair or checkpoint controls can lead to
cell lethality, mutations, genome instability and ultimately
cancer (reviewed in Zhou and Elledge, 2000).

In Saccharomyces cerevisiae, the DNA damage check-
point is a signal transduction cascade involving the
evolutionarily conserved protein kinases Mecl, Rad53
and Chkl (reviewed in Zhou and Elledge, 2000). Rad53
and Chkl are both phosphorylated in a Mec1-dependent
manner (Sanchez et al., 1996; Sun et al., 1996). While
Rad53 is required for a proper response to DNA damage in
all the cell cycle phases, Chk1 contributes to the activation
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of the G,/M checkpoint in a Rad53-independent manner
(Sanchez et al., 1996, 1999). Mecl belongs to the
phosphatidylinositol-3-kinase motif family, which also
includes S.cerevisiae Tell (Greenwell et al., 1995;
Morrow et al., 1995), Schizosaccharomyces pombe Rad3
(Bentley et al., 1996), Drosophila melanogaster Mei-41
(Hari et al., 1995), human ATM (Savitsky et al., 1995) and
ATR (Bentley et al., 1996). Mec1 physically interacts with
Ddc2, which undergoes Mec1-dependent phosphorylation
both in vivo and in vitro (Paciotti et al., 2000; Rouse and
Jackson, 2000; Wakayama et al., 2001). The finding that
the DNA damage-induced Mecl-dependent Ddc2 phos-
phorylation does not require other known checkpoint
factors suggests that Mecl1, as well as S.pombe Rad3 and
human ATM, may be involved in sensing DNA damage
(Paciotti et al., 2000; reviewed in O’Connell et al., 2000;
Zhou and Elledge, 2000). Additional checkpoint proteins
essential for DNA damage-induced cell arrest are Ddcl,
Radl7, Mec3, Rad24 and Rad9 (Weinert and Hartwell,
1988; Siede et al., 1993; Weinert et al., 1994; Longhese
etal., 1996, 1997; Paulovich et al., 1997). Ddc1, Mec3 and
Radl7, like their S.pombe and human homologs, physic-
ally interact with each other (Kostrub et al., 1998; Paciotti
et al., 1998; Kondo et al., 1999; St Onge et al., 1999;
Caspari et al., 2000) and are structurally related to the
proliferating cell nuclear antigen (PCNA) clamp (Thelen
et al., 1999), which tethers DNA replication proteins to the
replicating DNA (Waga and Stillman, 1998). Moreover,
Rad24 is homologous to, and interacts with, subunits of the
PCNA clamp loader, replication factor C (RF-C) (Griffiths
et al., 1995; Lydall and Weinert, 1997; Green et al., 2000).
Based on these similarities and genetic and biochemical
evidence, Ddc1, Rad17, Mec3 and Rad24 are proposed to
work together with Mecl in sensing damaged DNA
molecules and modulating Mecl activity (reviewed in
Longhese et al., 1998; Weinert, 1998; Lowndes and
Murguia, 2000). The DNA damage sensing functions
are then linked with downstream effectors by Mecl-
dependent phosphorylation of Rad9. In fact, Rad9 phos-
phorylation triggers its interaction with Rad53 and con-
sequent release of active Rad53 kinase (Emili, 1998; Sun
et al., 1998; Vialard et al., 1998; Gilbert et al., 2001), thus
indicating that Mecl can regulate both sensing and
transducing checkpoint signals.

In addition to their involvement in the checkpoint
responses, DDC2, MEC1I and RAD53 are essential for cell
viability, and their essential function, but not the check-
point functions, can be bypassed by increasing the
intracellular concentrations of deoxyribonucleotides
(dNTPs), either by overexpression of RNR genes encoding
ribonucleotide reductase (Desany et al., 1998) or by
deletion of the SMLI gene (Zhao et al., 1998), which
negatively affects the dNTP pool (Chabes et al., 1999;
Zhao et al., 2001).
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The Mecl homolog Tell is a protein kinase (Mallory
and Petes, 2000) primarily required for telomere length
maintenance (Greenwell et al., 1995; Morrow et al., 1995).
Several data indicate that it also has a role in the cellular
response to DNA damage, which becomes evident in the
absence of Mecl. In fact, TELI deletion increases the
sensitivity of mecl mutant cells to DNA-damaging agents
(Ritchie et al., 1999), and high levels of Tell can suppress
both cell lethality and hypersensitivity to DNA-damaging
agents of mecl A cells, suggesting that Tell and Mecl may
have partially overlapping functions (Sanchez et al.,
1996). Moreover, Tell has recently been implicated,
together with the Mrell complex, in a DNA damage
checkpoint pathway that responds primarily to double
strand breaks and parallels the Mecl pathway, leading
to Rad9 phosphorylation and interaction with Rad53
(D’ Amours and Jackson, 2001; Grenon et al., 2001; Usui
et al., 2001).

Once the checkpoint is activated by DNA damage,
some mechanism must exist to allow cells to resume cell
cycle progression when the aberrant DNA structures
have been removed. In fact, the inability of cells to
recover from checkpoint activation once the damage is
repaired would result in cell death in the presence of
genotoxic agents. While our knowledge about the mechan-
isms underlying checkpoint activation is continuously
increasing, the processes involved in recovery from DNA
damage-induced cell cycle arrest are still completely
unknown.

Here we show that regulation of Tell and Ddc2-Mecl
activities is important to modulate both the activation of
checkpoint-mediated cell cycle arrest and the subsequent
recovery. In fact, although by different processes, both
TELI and DDC2 overexpression cause prolonged cell
cycle arrest and cell death after DNA damage, and this
correlates with high and persistent levels of Rad53
phosphorylation. In addition, Tell overproduction
results in Rad53 phosphorylation and nuclear division
delay in the absence of exogenous DNA damage,
suggesting that Tell, when present in high levels, might
activate the checkpoint even in the absence of external
checkpoint signals.

Results

TEL1 overexpression causes prolonged nuclear
division delay and phosphorylation of Rad53 in

the absence of exogenous DNA damage

The finding that TELI overexpression can suppress
hypersensitivity of meclA cells to genotoxic agents
(Sanchez et al., 1996; see also Figure 3D) indicates that
high levels of Tell can partially substitute for Mec! in the
response to DNA damage. Furthermore, Tell has been
implicated together with the Mrell complex in triggering
Rad53 activation and its interaction with Rad9 in response
to DNA damage independently of Mecl (Usui et al.,
2001). To gain insights into the function of Tell and its
involvement in checkpoints, we first analyzed cell cycle
progression in the absence of DNA damage of cells
carrying the galactose-inducible GALI/-TEL] fusion at the
TELI locus. As shown in Figure 1A and B, when cell
cultures were arrested in G, with a-factor in the presence
of galactose and released from the block under galactose-
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induced conditions, GALI-TELI cells progressed through
S phase only slightly more slowly than wild type, but then
they surprisingly underwent a prolonged arrest with 2C
DNA content and undivided nuclei, while nuclear division
and cell cycle progression occurred normally in wild-type
cells under the same conditions. Similarly, when cell
cultures arrested in G, with nocodazole in the presence of
galactose were released from the nocodazole block under
galactose-induced conditions, GALI-TELI cells were still
arrested with undivided nuclei 240 min after release, while
wild-type cells underwent nuclear division within 90 min
(Figure 1D). Thus, overexpression of TELI causes a Go/M
cell cycle arrest in the absence of exogenous DNA
damage, suggesting that high levels of Tell might lead
to activation of a checkpoint pathway. The Tell-induced
cell cycle arrest was transient, since both GALI-TELI and
GALI-TELI-HA3 cell cultures underwent nuclear div-
ision, and resumed budding and DNA replication with
wild-type kinetics 12—14 h after a shift to galactose-
containing medium, although the Tell-HA3 Ilevel
remained unchanged throughout the experiments (data
not shown). Moreover, when exponentially growing
GALI-TELI cell cultures were shifted to galactose-
containing medium for 4 h (when nearly all cells had
grown to the dumb-bell shape characteristic of G,/M-
arrested cells) and then plated on galactose-containing
plates, 70% of cells produced microcolonies with >4 cells
or buds within 24 h. Consistent with this observation,
Tell-overproducing cells also showed a slow growth
phenotype in the absence of genotoxic agents (Figures 3D,
4C and 5C).

Since activation of the known DNA damage checkpoint
pathways leads to phosphorylation of Rad53, which results
in changes in Rad53 electrophoretic mobility (Sanchez
et al., 1996; Sun et al., 1996), we used western blot
analysis to study the Rad53 phosphorylation pattern during
the above experiments. Rad53 phosphorylation was
clearly detectable in galactose-induced GALI-TELI cells
released either from the G, or the G, block in the absence
of DNA damage, but not in wild-type cells lacking the
GALI-TELI fusion under the same conditions (Figure 1C
and E). It is worth noting that Rad53 phosphorylation was
detectable in GALI-TELI cells both when they were
released from the G, block under galactose-induced
conditions (Figure 1E) and when they were kept in G, by
nocodazole treatment after galactose addition (Figure 1F),
indicating that high levels of Tell induce Rad53 phos-
phorylation independently of cell cycle progression.
Interestingly, the effects of TELI overexpression on cell
cycle progression were partially counteracted by increased
levels of wild-type Mecl expressed from a GALI-MECI1
fusion integrated at the URA3 chromosomal locus. In fact,
as shown in Figure 1B and D, when galactose-induced
a-factor or nocodazole-arrested cells were released into
the cell cycle in galactose-containing media, nuclear
division occurred faster in GALI-TELI GALI-MEC] than
in GALI-TELI cells, although with slower kinetics
compared with wild-type cells. Moreover, galactose-
induced GALI-TELI GALI-MECI cells released from
the G, or G, blocks contained a reduced amount of Rad53
phosphorylated forms compared with similarly treated
GALI-TELI cells (Figure 1C and E), while overexpres-
sion of MECI did not affect cell cycle progression or
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Fig. 1. Effects of TELI overexpression during an unperturbed cell cycle. Strains were as follows: wild type (K699), GALI-MECI (YLL516),
GALI-TELI (DMP3539/10D) and GALI-TELI GALI-MECI (DMP3539/9D). (A-C) Cell cultures, growing logarithmically in YEP-raf, were
synchronized in G; with o-factor in the presence of galactose (2 h). Release from o-factor block was performed at time zero (C, af) by transferring
cell cultures to fresh YEP-raf-gal medium. Samples were taken at the times indicated after release into the cell cycle to determine the DNA content
by fluorescence-activated cell sorter (FACS) analysis (A), the kinetics of nuclear division by direct visualization by propidium iodide staining (B) and
the amount and phosphorylation of Rad53 by western blotting of protein extracts with anti-Rad53 antibodies (C). (D and E) Cell cultures, growing
logarithmically in YEP-raf, were synchronized in G, with nocodazole in the presence of galactose (2 h). Release from nocodazole block was
performed at time zero (E, noc) by transferring cell cultures to fresh YEP-raf-gal medium. Samples were taken at the times indicated after release
from nocodazole to determine the kinetics of nuclear division (D) and Rad53 levels and phosphorylation (E) as described in (B) and (C), respectively.
(F) Cell cultures of wild-type (DMP3598/21D) and GALI-TELI1 (DMP3598/6A) strains were arrested with nocodazole in YEP-raf medium (noc) and
resuspended in YEP-raf-gal medium containing 15 pg/ml nocodazole (+noc +gal). Protein extracts were prepared from samples withdrawn at the times
indicated and analyzed by western blotting. The slowly migrating protein species specifically reacting with anti-Rad53, anti-MYC (Chk1) and anti-
Rad9 antibodies represent phosphorylated forms of the corresponding proteins (Sanchez et al., 1996; Vialard et al., 1998, 1999). exp, exponentially

growing cells.

Rad53 phosphorylation per se. This suggests that an
excess of Tell might compete with Mecl for interactions
with downstream effectors in the absence of DNA damage,
thus causing unscheduled phosphorylation events and cell
cycle arrest.

The above results prompted us to ask whether high
levels of Tell might induce phosphorylation of checkpoint
proteins other than Rad53, such as Ddcl, Ddc2, Chkl and
Rad9, which are all known to undergo Mec1-dependent
phosphorylation resulting in electrophoretic mobility shift
of the corresponding protein species (Emili, 1998; Paciotti
et al., 1998, 2000; Sun et al., 1998; Vialard et al., 1998;
Sanchez et al., 1999). Significant amounts of phosphoryl-
ated Chkl and Rad9 could be detected in nocodazole-
arrested GALI-TELI cell cultures after addition of
galactose (Figure 1F), while Ddc1 and Ddc2 phosphoryl-
ations were not influenced by Tell overproduction (data
not shown), indicating that high levels of Tell specifically
induce phosphorylation of Rad53, Rad9 and Chkl in the
absence of exogenous DNA damage.

Tel1 overproduction affects the cell response to
DNA damage
Since overexpression of TELI causes G,/M cell cycle
arrest independently of exogenous DNA damage, we
investigated its effects in the presence of genotoxic
insults. Galactose-induced GALI-TELI cells were more
sensitive to hydroxyurea (HU), methyl methanesulfo-
nate (MMS) and UV than isogenic wild-type strains
not carrying the GALI-TELI fusion (Figure 2A). This
hypersensitivity can be partially suppressed by increas-
ing the level of wild-type Mecl, since GALI-TELI
cells concomitantly expressing a GALI-MECI fusion
showed lower sensitivity to HU, MMS and UV than
GALI-TELI cells (Figure 2A), indicating that high
levels of Tell might cause the observed phenotypes by
competing with physiological amounts of Mecl.
Moreover, cell cycle progression after UV irradiation
was dramatically altered by high levels of Tell
(Figure 2B). In fact, when galactose-induced cell cultures
were arrested in G, UV irradiated and then released from
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Fig. 2. Response to DNA damage of TELI-overexpressing cells. Strains were as follows: wild type (K699), GALI-MECI (YLL516), GALI-TEL1
(DMP3539/10D) and GALI-TELI GALI-MEC1 (DMP3539/9D). (A) Dose-response killing curves were determined by plating serial dilutions of
YEP-raf exponentially growing cell cultures on YEP-raf-gal plates with or without MMS or HU at the concentrations indicated. One set of
YEP-raf-gal plates was exposed at the UV doses indicated. Plates were incubated at 25°C and colony-forming units were counted after 3 days. (B and
C) Cell cultures growing logarithmically in YEP-raf were synchronized in G; with o-factor in the presence of galactose (2 h). Cells were released
from the o-factor block at time zero in YEP-raf-gal, or were UV irradiated (40 J/m?) prior to release in YEP-raf-gal. Samples of untreated and
UV-irradiated cultures were taken at the times indicated after a-factor release to analyze the DNA content by FACS (B) and to determine the level
and phosphorylation of Rad53 by western blot analysis of protein extracts from the UV-treated cell cultures with anti-Rad53 antibodies (C).

exp, exponentially growing cells.

the G; block under galactose-induced conditions, GALI—
TELI cells dramatically slowed down entry and progres-
sion through S phase compared with similarly treated
wild-type cells, which completed DNA replication 120 min
after UV irradiation (Figure 2B). This correlated with the
persistence of high levels of phosphorylated Rad53 in UV-
treated GALI-TELI cells even 240 min after release into
the cell cycle, while Rad53 phosphorylation began to
decrease after 180 min in wild-type cells under the same
conditions (Figure 2C).
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In agreement with the observed suppression of GALI—
TELI cell hypersensitivity to DNA-damaging agents by
GALI-MECI, overexpression of MECI was able to reduce
both the DNA damage-induced slowing down of S-phase
progression and the concomitant Rad53 phosphorylation
in Tell-overproducing cells. In fact, galactose-induced
UV-irradiated GALI-TELI GALI-MECI cells completed
DNA replication and showed a reduced amount of
phosphorylated Rad53 after release into the cell cycle
(Figure 2B and C).
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Fig. 3. Effects of TEL!I overexpression in the absence of Mecl or Ddcl. Strains were as follows: wild type (K699), GALI-TELI (DMP3539/10D),
meclA smllA (YLL490), GALI-TELI meclA sml1A (DMP3562/2A), ddc1A (YLL244) and GALI-TELI ddc1A (DMP3575/4A). (A-C) Cell cultures
growing logarithmically in YEP-raf were synchronized in G, with o-factor in the presence of galactose (2 h) and released from the o-factor block at
time zero in YEP-raf-gal, or were UV irradiated (40 J/m?) prior to release in YEP-raf-gal. Samples were collected at the times indicated after a-factor
release to analyze the DNA content of untreated (top) and UV-treated (bottom) cell cultures by FACS (A), to score the untreated cell cultures for the
percentage of binucleate cells by propidium iodide staining (B) and to analyze protein extracts from the untreated (left) and UV-treated (right) cell
cultures by western blotting using anti-Rad53 antibodies (C). exp, exponentially growing cells. (D) Serial dilutions of YEP-raf exponentially growing
cell cultures were spotted on YEP-raf-gal plates with or without MMS at the concentration indicated. One YEP-raf-gal plate was UV irradiated (UV).

Delay of cell cycle progression and Rad53
phosphorylation caused by high levels of

Tel1 do not require Mec1 and Ddc1

The data presented above indicate that an excess of Tell
kinase causes Rad53, Chkl and Rad9 phosphorylation,
which may be responsible for the G,/M cell cycle arrest in
the absence of exogenous insults and for the dramatic
slowing down of cell cycle progression in response to
DNA damage. Since the G,/M cell cycle arrest caused by
Tell overproduction can be partially suppressed by
increasing Mecl levels, and an excess of Tell can
suppress the hypersensitivity to genotoxic agents of
meclA cells, Mecl should not be required for the Tell-
dependent cell cycle arrest. Indeed, neither the G,/M cell
cycle arrest nor the Rad53 phosphorylation caused by high
levels of Tell requires Mecl. In fact, when cells were
arrested in G in the presence of galactose and then
released from the block under galactose-induced condi-
tions, GALI-TELI meclA smllA as well as GALI-TELI
cells were still arrested with 2C DNA content and
undivided nuclei 240 min after release into the cell
cycle, whereas both meclA smilA and wild-type cells
progressed through the cell cycle with indistinguishable
kinetics (Figure 3A, top and B). Moreover, phosphorylated
Rad53 was clearly detectable in GALI-TELI meclA

smllA cells throughout the experiment, while it was
completely absent in wild-type and meclA smllA cells
under the same conditions (Figure 3C, left).

Furthermore, overexpression of TEL] is epistatic to
deletion of MECI with respect to hypersensitivity to
genotoxic agents (Sanchez et al., 1996; Figure 3D), Rad53
phosphorylation (Figure 3C) and cell cycle progression
after DNA damage (Figure 3A, bottom). In fact, when G-
arrested cells were UV irradiated and then released into the
cell cycle under galactose-induced conditions, meclA
smllA cells completed DNA replication in 45-60 min,
while both GALI-TELI and GALI-TELI meclA smllA
cell cultures showed a dramatic slowing down of entry and
progression through S phase even compared with wild-
type cells, which completed DNA replication after 180 min
(Figure 3A, bottom). The DNA damage-induced slowing
down of cell cycle progression paralleled the presence of
phosphorylated Rad53 in UV-irradiated GALI-TELI and
GALI-TELI meclA smllA cells throughout the experi-
ment, while Rad53 phosphorylation was completely
absent in similarly treated meclA smliA cells (Figure 3C,
right).

Since high levels of Tell induce a Rad53-dependent cell
cycle arrest in the absence of exogenous DNA damage, we
asked whether checkpoint proteins thought to be acting at
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Fig. 4. Cell cycle delay caused by high levels of Tell involves Rad53, Rad9 and Chkl. Strains were as follows: wild type (K699), GALI-TELI
(DMP3539/10D), rad94 (YLL157), GALI-TELI rad9A (DMP3575/6B), rad53K227A (DMP3479/2A), GALI-TELI rad53K227A (DMP3479/2B),
GALI-TELI chklA (DMP3611/6D) and GALI-TELI rad53K227A chkiA (DMP3611/3B). (A and B) Cell cultures growing logarithmically in YEP-raf
were synchronized in G, with o-factor in the presence of galactose (2 h) and released from the o-factor block at time zero in YEP-raf-gal or were UV
irradiated (40 J/m?) prior to release in YEP-raf-gal. Samples were collected at the times indicated after o-factor release to analyze the DNA content of
untreated (top) and UV-treated (bottom) cell cultures by FACS (A) and to score the untreated cell cultures for the percentage of binucleate cells by
propidium iodide staining (B). (C) Serial dilutions of YEP-raf exponentially growing cell cultures were spotted on YEP-raf-gal plates with or without

MMS. One YEP-raf-gal plate was UV irradiated (UV).

early steps of DNA damage recognition, such as Ddcl,
were required for the Tell-dependent arrest. As shown
in Figure 3A and B, when GALI-TELI ddcliA cells were
arrested in G in galactose and then released from the G,
block in galactose-containing medium, they arrested with
2C DNA content and undivided nuclei, while ddclA
cells underwent DNA replication and nuclear division
with wild-type kinetics under the same conditions.
Moreover, when the same cultures were UV irradiated
before release from the G; block under galactose-induced
conditions, GALI-TELI ddclA cells showed a dramatic
slowing down of cell cycle progression in response to
DNA damage, similar to that observed for GALI-TELI
cells, while similarly treated ddclA cells progressed
through S phase faster than wild type (Figure 3A, bottom).
Therefore, Ddcl is not required for the cell cycle
progression delay caused by high levels of Tell.
Accordingly, Tell overproduction is also epistatic to
ddc1Awith respect to hypersensitivity to genotoxic agents,
since galactose-induced GALI-TELI ddcliA cells were as
sensitive as GALI-TELI cells and less sensitive than the
otherwise isogenic ddclA strains to both UV and MMS
(Figure 3D).
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Rad53, Rad9 and Chk1 are required for
Tel1-dependent cell cycle arrest

Since high levels of Tell induce phosphorylation of Rad9,
Chk1 and Rad53 in unperturbed conditions, and Rad9 and
Rad53 have been implicated in a Tell-dependent check-
point (Usui et al., 2001), we asked whether these proteins
were required for the cell cycle delay caused by TELI
overexpression. We therefore analyzed cell cycle progres-
sion of GALI-TELI cells carrying the rad94, chkl A or the
kinase-defective rad53K227A alleles. Rad9 and Rad53
turned out to be necessary for the cell cycle delay caused
by TELI overexpression both in the presence and absence
of DNA damage (Figure 4A and B). In fact, when
galactose-induced G-arrested cells were released from the
G, block in galactose-containing medium, the kinetics
of entry and progression through S phase of GALI-
TELI rad9A and GALI-TELI rad53K227A cells were
comparable to those of rad94 and rad53K227A cells,
respectively (Figure 4A, top). Furthermore, nuclear
division occurred with wild-type kinetics in GALI-
TELI rad9A cells and with some delay in GALI-TELI
rad53K227A cells, while GALI-TELI cells under the
same conditions were still arrested with undivided nuclei
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Fig. 5. Genetic interactions between DDC2, MEC1 and TELI. Strains were as follows: wild type [URA3 YCplac33] (YLL827), ddc2A [URA3 DDC?2]
(YLL275), ddc2A GALI-TELI [URA3 DDC2] (DMP3475/3D), GALI-TELI [URA3 DDC2] (YLL943), ddc2A [LEU2 GALI-MECI] [URA3 DDC2]
(YLL930), wild type [LEU2 GALI-MECI] [URA3 DDC2] (YLL944), GALI-MEC1 (YLL516), ddc2A smliA (DMP2995/1B), GALI-MECI ddc2A
smll1A (DMP3532/8A), GALI-TELI (DMP3539/10D) and GALI-TELI ddc2A sml1A (DMP3602/9C). Serial dilutions of YEP-raf exponentially
growing cell cultures were spotted on Synthetic Complete (SC)-glucose and 5-Fluoro-orotic acid (5-FoA)-containing SC-raf-gal plates (A) or on
YEP-raf-gal plates with or without MMS or HU at the concentrations indicated (B and C). One YEP-raf-gal plate was UV irradiated (UV).

after 240 min (Figure 4B). Similarly, when the same
cultures were UV irradiated and then released from the G,
block in galactose-containing medium, GALI-TELI rad9A
and GALI-TELI rad53K227A cells replicated their DNA
with kinetics indistinguishable from those of the rad94
and rad53K227A mutants, and much faster than GALI—-
TELI cells, which dramatically slowed down DNA
replication even compared with a similarly treated wild-
type strain (Figure 4A, bottom). In agreement with the
observation that high levels of Tell were unable to
suppress the checkpoint defects of rad94 and rad53K227A
mutants, TELI overexpression did not suppress the hyper-
sensitivity to genotoxic agents of rad9A and rad53K227A
cells (Figure 4C). In fact, UV and MMS sensitivities of
galactose-induced GALI-TELI rad9A and GALI-TELI
rad53K227A cells were indistinguishable from those of the
otherwise isogenic rad94 and rad53K227A strains
(Figure 4C).

Although the rad53K227A mutation completely abol-
ished the dramatic slowing down of entry and progression
through S phase of GALI-TELI cells after UV irradiation,
GALI-TELI rad53K227A cells still showed a delay of
nuclear division in unperturbed conditions compared with
the rad53K227A mutants (Figure 4B). This suggests that
cell cycle arrest in G, caused by TELI overexpression in
the absence of exogenous insults might at least partially
depend on proteins acting independently of Rad53. We
therefore asked whether it might involve the Chk1 kinase,
which is phosphorylated in Tell-overproducing cells and
is specifically required to prevent anaphase entry in cdcl3

mutants at restrictive temperature, independently of Rad53
(Sanchez et al., 1999). Indeed, when galactose-induced
GALI-TELI chkl A cells were released from G, arrest in
galactose-containing media, they underwent nuclear div-
ision with kinetics comparable to that of GALI-TELI
rad53K227A cells, while GALI-TELI rad53K227A chklA
cells divided nuclei with wild-type kinetics and therefore
faster than either GALI-TELI rad53K227A or GALI-
TELI chklIA cells under the same conditions (Figure 4B).
This indicates that high levels of Tell require both Rad53
and Chkl to arrest nuclear division completely in the
absence of DNA damage.

TEL1, but not MEC1, overexpression suppresses
cell lethality and hypersensitivity to genotoxic
agents of ddc2A cells

Our data indicate that TELI overexpression causes Mecl-
independent unscheduled phosphorylation of Rad53 and
hyperactivation of the checkpoint response, while cell
cycle progression and RadS53 phosphorylation in both
undamaged and UV-irradiated Mecl-overproducing cells
are indistinguishable from wild type (Figures 1 and 2),
suggesting that other proteins could be rate limiting for
Mecl activity. A likely candidate for this role could be
Ddc2, since it physically interacts with Mecl and may be
required for Mec1 but not for Tell functions. As shown in
Figure 5, this hypothesis is further strengthened by the
observation that while TELI overexpression can suppress
cell lethality and hypersensitivity to genotoxic agents
caused by deletion of DDC2, high levels of Mecl can not
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Fig. 6. DDC2 overexpression leads to prolonged G,/M cell cycle arrest after checkpoint activation. Strains were as follows: wild type [URA3
YCplac33] (YLL827), wild type [URA3 GALI-MECI] (YLL826), GALI-DDC2 [URA3 YCplac33] (YLL837) and GALI-DDC2 [URA3 GALI-MECI]
(YLLS836). (A and B) Cell cultures growing logarithmically in YEP-raf were synchronized with a-factor. Galactose was added 2.5 h before o-factor
addition. a-factor-synchronized cells were released from the block at time zero [(B), af] in YEP-raf-gal or were UV irradiated (40 J/m2) prior to
release in YEP-raf-gal. Samples of untreated (top) and UV-treated (bottom) cell cultures were collected at the times indicated after a-factor release to
analyze the DNA content by FACS (A) and protein extracts by western blotting, using anti-Rad53 antibodies (B). (C and D) Cell cultures growing
logarithmically in YEP-raf were synchronized with nocodazole. Galactose was added 2 h before nocodazole addition. Nocodazole-synchronized cells
were released from the block at time zero [(D), noc] in YEP-raf-gal or were UV irradiated (50 J/m?) prior to release in YEP-raf-gal. Samples of
untreated and UV-treated cell cultures were collected at the times indicated after nocodazole release to score for the percentage of binucleate cells by
propidium iodide staining (C) and to analyze protein extracts from the UV-treated cell cultures by western blotting, using anti-Rad53 antibodies (D).
exp, exponentially growing cells. In all the experiments, samples were withdrawn from the UV-treated cultures at times zero and 120 min, and
appropriate dilutions were plated on YEPD plates to score for colony-forming units (see text for the percentage of cell survival).

bypass the requirement for Ddc2. In fact, galactose
induction of a GALI-MEC] fusion did not allow GALI-
MECI ddc2A cells to lose the URA3 centromeric plasmid
carrying the wild-type DDC?2 allele and did not change the
sensitivity to HU, MMS and UV of ddc2A smliA cells
(Figure 5A and B). Conversely, galactose-induced GALI-
TELI ddc2A cells were able to lose the plasmid-borne
DDC?2 allele (Figure 5A), and GALI-TELI ddc2A smllA
cells were less sensitive to HU, MMS and UV than
otherwise isogenic ddc2A smllA cells in galactose-
containing medium (Figure 5C). Since both Mecl and
Tell are protein kinases (Mallory and Petes, 2000; Paciotti
et al., 2000), high levels of Tell may be able to overcome
the lack of Ddc2 by replacing Mec1 activity, thus implying
that Mec1 functions, but not Tell functions, are impaired
in the absence of Ddc2.

DDC?2 overexpression causes an irreversible

G>/M arrest after DNA damage

Since Ddc2 may be the rate-limiting factor for Mecl
activity, we analyzed cell cycle progression and Rad53
phosphorylation of cells overexpressing a GALI-DDC2
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fusion integrated in single copy at the LEU2 locus. When
galactose-induced cell cultures were blocked in G; or G,
and then released in galactose-containing medium in the
absence of DNA damage, kinetics of entry and progression
through S phase (Figure 6A, top) and of nuclear division
(Figure 6C) were similar in GALI-DDC2 and wild-type
cells. Moreover, we could not detect Rad53 phosphoryl-
ated forms in GALI-DDC?2 cells after release from G
(Figure 6B, top) or G, arrests (data not shown) under
galactose-induced conditions. Therefore, unlike Tell over-
production, high levels of Ddc2 are not able to activate
the checkpoint in the absence of DNA damage.

Since the Mecl-Ddc2 complex may be activated by
exogenous DNA damage, we then analyzed the response
to DNA damage of Ddc2-overproducing cells. Cells with
very high levels of Ddc2 due to multiple GALI-DDC?2
fusions integrated at the LEU2 locus had previously been
reported to have a slight defect in slowing down DNA
replication after DNA damage (Paciotti et al., 2000).
Conversely, when galactose-induced cell cultures carrying
a single copy of the GALI-DDC?2 fusion integrated at
the LEU2 locus were blocked in G, UV irradiated, and



then released from the G, arrest in galactose-containing
medium, the kinetics of entry and progression through
S phase were similar to those observed in wild-type cells
under the same conditions (Figure 6A, bottom). However,
Rad53 phosphorylated forms began to disappear in wild-
type and GALI-MEC] cultures when DNA replication
was completed (180 min after UV irradiation in Gy;
Figure 6B, bottom) and viability remained high (70%
survival). Conversely, UV-treated GALI-DDC?2 cells,
which dramatically lost viability (5% survival), still
contained high amounts of phosphorylated Rad53
(Figure 6B, bottom) and were mostly arrested with a 2C
DNA content (Figure 6A, bottom) and undivided nuclei
(data not shown) 300 min after release into the cell cycle.
Moreover, when galactose-induced cell cultures were
arrested in G,, UV irradiated and then released from the G,
block in galactose-containing medium (Figure 6C and D),
GALI-DDC?2 cells lost viability (7% survival) and did not
divide nuclei throughout the experiment (300 min), while
wild-type cells were mostly viable (82% survival) and
underwent nuclear division ~60 min after UV irradiation.
Thus, cells containing high levels of Ddc2 appear to be
impaired in undergoing the G,/M transition after DNA
damage in G; or G,. This effect was probably due to the
cells’ inability to turn off the checkpoint response, since
high amounts of phosphorylated Rad53 were present in
GALI-DDC?2 cells until the end of both experiments,
while phosphorylated Rad53 was largely absent 210 min
after UV irradiation in wild-type cells (Figure 6B, bottom
and D).

The above data show that high levels of Ddc2 cause
permanent Rad53 phosphorylation and inhibit nuclear
division after DNA damage, while the same increase in the
amount of Ddc2 is not sufficient to block DNA replication
of a damaged template, raising the possibility that, despite
Ddc2 high levels, the amount of Mecl may be limiting
under these conditions. This hypothesis is further sup-
ported by the finding that co-overexpression of MECI and
DDC?2 also impairs the ability of cells to replicate a
damaged template (Figure 6A, bottom). In fact, galactose-
induced GALI-MECI GALI-DDC?2 cells released from
G, after UV irradiation entered and progressed through
S phase much more slowly than wild-type and
GALI-DDC2 cells under the same conditions. This
suggests that while high levels of Ddc2 are sufficient to
arrest cells at the G,/M transition, it is necessary to
increase the levels of both Mecl and Ddc2 proteins to
arrest DNA replication after DNA damage.

The DNA damage-induced cell cycle arrest caused

by high levels of Ddc2 requires Mec1, Ddc1, Rad53
and Rad9

Since high levels of Tell can activate the G,/M checkpoint
in the absence of genotoxic agents, while overproduc-
tion of Ddc2 causes a permanent cell cycle arrest in G,
only if DNA has undergone exogenous damage, we asked
whether the DNA damage-induced cell cycle arrest
mediated by DDC2 overexpression may require proteins
different from those involved in the Tell-dependent arrest.
If the DNA damage-induced arrest at the G,/M transi-
tion in Ddc2-overproducing cells was due to increased
Mecl activity and dependent on the persistence of Rad53
phosphorylated forms, we expected both Mec1 and Rad53

Hyperactivation of the DNA damage checkpoint

to be absolutely required for this cell cycle arrest. Indeed,
when cell cultures were arrested in G,, UV irradiated, and
then released from the G, block in galactose-containing
medium, nuclear division occurred in GALI-DDC2 mecl A
smllAand GALI-DDC?2 rad53A smll A cells with kinetics
indistinguishable from those of meclA smllA and rad53A
smllA mutants (Figure 7A and B). Moreover, Mecl was
also essential for Rad53 phosphorylation in DDC2-over-
expressing cells, since we could not detect Rad53 phos-
phorylated forms in  galactose-induced GALI-
DDC2 meclA smllA cells released from the G, arrest
after UV irradiation, while they were present throughout
the experiment in similarly treated GALI-DDC2 cells
(Figure 7C).

As shown in Figure 7D, Ddcl and Rad9 are also
required for the DNA damage-induced G,/M arrest caused
by high levels of Ddc2. In fact, nuclear division in
galactose-induced GALI-DDC?2 ddclA and GALI-DDC?2
rad9A cells released from the G, arrest after UV irradi-
ation occurred with kinetics comparable to those observed
in similarly treated rad9A and ddcl A cells.

Discussion

The cells must be aware not only of damage, but also of
when DNA repair is completed, in order to terminate the
checkpoint response and resume cell cycle progression.
A key unanswered question is how cells turn off the
checkpoint after signals have been removed. It is possible
that repair of DNA damage per se might restore normal
cell cycle progression and/or active mechanisms might be
required to shut off the checkpoint. For example, down-
stream effectors might become insensitive to the kinase
cascade, and/or the checkpoint pathway might be inacti-
vated by dephosphorylating the Rad53 kinase itself.
Furthermore, since Mecl and its interacting factor
Ddc2 are required to phosphorylate and activate Rad53,
inactivation of the Mec1-Ddc2 complex may be critical to
turn off Rad53 and subsequently the checkpoint response.
Finally, the Mecl homolog Tell, which has been impli-
cated in a Rad53-dependent DNA damage checkpoint
pathway that parallels the canonical Mecl pathway (Usui
et al., 2001), might also play a role in termination of the
checkpoint response.

A possible way to approach this problem is to study
whether and how overproduction of protein kinases and
kinase-interacting factors acting upstream of Rad53 can
affect cell cycle progression in the absence or in the
presence of DNA damage. As discussed below, we found
that the levels of Tell, Mecl and Ddc2 are important to
regulate both activation of the checkpoint and resumption
of cell cycle progression after DNA damage-induced cell
cycle arrest.

Checkpoint activation in Tel1-overproducing cells

A major difference between the effects of Ddc2 and Tell
overproduction is that high levels of Tell cause phos-
phorylation of Rad53 and G,/M cell cycle arrest in the
absence of exogenous DNA damage, while an excess of
Ddc2 has the same effects only when DNA has suffered
external insults. The Rad53-dependent cell cycle arrest
caused by Tell overproduction under otherwise unper-
turbed conditions may be due to the presence of high levels
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Fig. 7. Requirement of checkpoint genes for the Ddc2-dependent DNA damage-induced cell cycle arrest. Strains were as follows:
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GALI-DDC2 ddc1A (DMP3463/10C). Cell cultures growing logarithmically in YEP-raf were synchronized with nocodazole. Galactose was added
2 h before nocodazole addition and nocodazole-synchronized cells were released from the block at time zero in YEP-raf-gal or were UV irradiated
(50 J/m?) prior to release in YEP-raf-gal. (A, B and D) Untreated and UV-treated cell cultures were scored at the times indicated for the percentage
of binucleate cells by propidium iodide staining. (C) Protein extracts from the UV-treated cell cultures were analyzed by western blotting, using

anti-Rad53 antibodies. exp, exponentially growing cells.

of active Tell kinase resulting in unscheduled phosphoryl-
ation events, which in turn cause G,/M transition delay. It
is possible that an excess of Tell might lead to activation
of a Rad53-dependent checkpoint by causing accumula-
tion of DNA damaged molecules and impairment of repair
capacity. However, the Mecl kinase, which has been
shown to play a primary role in activation of the
checkpoint in response to different kinds of DNA alter-
ations, is not required for the Tell-dependent cell cycle
arrest and Rad53 phosphorylation. Furthermore, Ddcl,
which together with Rad24, Rad17 and Mec3 is thought to
act at the beginning of the checkpoint pathway by
recognizing changes in DNA structure and initiating the
Mecl-dependent signal transduction cascade (reviewed
in Longhese et al., 1998), is neither phosphorylated nor
required for checkpoint activation in Tell-overproducing
cells. This indicates that proteins presumably acting
together with Mec1 in the DNA damage-sensing steps of
the pathway are not required to support Tell functions. We
therefore suggest that either overproduction of Tell per se
might result in increased Tell kinase activity that could be
sufficient to elicit unscheduled phosphorylation events
primarily inhibiting the G,/M transition, or high levels of
Tell can be activated by endogenous DNA damage that is
not sensed in the presence of physiological levels of this
kinase. In any case, the Tell-dependent cell cycle arrest
requires both Rad53 and Chkl, which are known to
cooperate in the activation of the G,/M DNA damage
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checkpoint (Sanchez et al., 1999), and Rad9, whose
phosphorylation and interaction with Rad53 are required
for Rad53 activation (Emili, 1998; Sun et al., 1998;
Vialard et al., 1998; Gilbert et al., 2001). Furthermore,
Rad9, Rad53 and Chkl are phosphorylated in Tell-
overproducing cells in the absence of exogenous DNA
damage, indicating a tight correlation between phos-
phorylation of these proteins and their requirement for the
Tell-dependent G,/M arrest. Since it has recently been
shown that Rad9 phosphorylation triggers Rad53 acti-
vation (Gilbert et al., 2001), it is possible that unregulated
levels of Tell result in hyperphosphorylation of Rad9,
which in turn catalyzes Rad53 phosphorylation, resulting
in ectopic checkpoint activation.

It is also worth noting that Tell overproduction
suppresses the checkpoint defects and the hypersensitivity
to DNA-damaging agents of meclA cells. Therefore,
increasing the levels of Tell uncovers its role in the
checkpoint cascade both in the presence and absence of
Mecl. In contrast to Mecl, Tell functions do not require
Ddc2. In fact, TELI, but not MECI, overexpression can
suppress hypersensitivity to genotoxic agents of ddc2A
cells, implying that high levels of Tell can bypass the
requirement for Ddc2. Moreover, the fact that Ddc2 can be
co-immunoprecipitated with Mecl, while we were not
able to co-immunoprecipitate Tell with Ddc2 even in the
absence of Mecl (our unpublished results), indicates that
the Ddc2-Mecl interaction is, in any case, preferential.



Interestingly, overexpression of MECI can partially
suppress the effect of Tell overproduction on cell cycle
progression and greatly reduces the unscheduled Tell-
dependent Rad53 phosphorylation in the absence of
exogenous DNA damage, suggesting that high levels of
Tell might titrate out factors interacting with Mec1 also in
the absence of external insults, thus leading to unregulated
and signal-independent checkpoint activation.

DNA damage exacerbates all the phenotypes caused
by TELI overexpression in the absence of exogenous
damage. In fact, Tell-overproducing cells undergo a
dramatic delay in S-phase progression and persistent
Rad53 phosphorylation after DNA damage in G;, sug-
gesting that checkpoint activation by an excess of Tell in
the absence of external insults is not maximal and can be
increased by damaging the DNA. This increase is also
thought to impair the ability of the cell to recover from
the checkpoint-mediated arrest, since Tell-overproducing
cells are hypersensitive to genotoxic agents. Similarly to
the results observed in the absence of exogenous DNA
damage, Ddcl and Mecl are not required for the DNA
damage-induced cell cycle arrest in Tell-overproducing
cells, which instead requires Rad53 and Rad9. Moreover,
TELI overexpression can partially suppress the hypersen-
sitivity to genotoxic agents of mecl and ddcl mutants,
while it has no effect on that of rad53 and rad9 mutants.
Accordingly, recent data have implicated Tell together
with the Mrell complex in triggering Rad53 activation
and its interaction with Rad9 in response to DNA damage
independently of Mecl and Rad24 (Usui et al., 2001).

High amounts of Ddc2 impair the ability of the

cell to recover from DNA damage-induced

cell cycle arrest

Neither MECI nor DDC?2 overexpression alters cell cycle
progression or induces Rad53 phosphorylation in the
absence of exogenous DNA damage, suggesting that
activation by DNA structure signals might be essential for
these proteins to function in the checkpoint. In contrast,
Tell overproduction turns on the checkpoint response
independently of external damage and presumed damage
sensors, but requires other components of the pathway that
function in the signal transduction cascade. Therefore,
Tell escapes the normal rigorous regulation imposed upon
Mecl and Ddc2, which appear to be normally responsible
for the checkpoint response. Moreover, UV-irradiated
Ddc2-overproducing cells undergo a prolonged arrest at
the Go/M transition, and this correlates with persistent
Rad53 phosphorylation and cell death. Since these effects
of Ddc2 overproduction are seen only in the presence of
Mecl, it is tempting to suggest that high levels of Mecl
per se do not cause any detectable phenotype under the
same conditions because Ddc2 may be rate limiting for its
activation. Moreover, the effects of Ddc2 overproduction
are limited to the DNA damage checkpoint controlling the
G,/M transition. In fact, the same excess of Ddc2 causing
DNA damage-induced arrest of nuclear division is not
sufficient to stop S-phase progression after DNA damage
in Gy, suggesting that the checkpoint responses in different
cell cycle phases might have different requirements for
Mec1-Ddc2 activity. This hypothesis is further supported
by the finding that overexpression of MECI in Ddc2-
overproducing cells causes a further slowing down of
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S-phase progression after DNA damage in G; compared
with wild-type cells. Thus, Mecl activity becomes rate
limiting for hyperactivation of the intra-S checkpoint
despite the excess of Ddc2, while this does not appear to be
the case for the G,/M transition arrest. Accordingly, we
previously showed that overproduction of Mecl kinase-
deficient variants has dominant-negative effects on
S-phase entry and progression after DNA damage in Gy,
but it does not abrogate the G,/M checkpoint (Paciotti
et al., 2001). In addition, we described two hypomorphic
mecl mutants that were completely defective in the G,/S
and intra-S DNA damage checkpoints, but they were able
to activate the Go/M checkpoint (Paciotti et al., 2001).
Altogether these data strengthen the hypoth-esis that the
threshold level of Mecl activity required to slow down
replication of a damaged DNA template is higher than that
required to block the G,/M transition in the presence of
damaged chromosomes.

The finding that both Ddcl and Rad9 are required for
the prolonged DNA damage-induced G,/M arrest caused
by DDC2 overexpression indicates that this arrest involves
the activation of the canonical DNA damage checkpoint
pathway, and that the ability to turn it off is impaired in
Ddc2-overproducing cells. The requirement of Ddcl for
the Ddc2-dependent, but not for the Tell-dependent, cell
cycle arrest indicates that Ddc1 is necessary to activate the
Ddc2-Mecl complex in the presence of DNA damage
despite the high Ddc2 levels, thus specifically linking
DNA damage sensing with Ddc2-mediated hyperacti-
vation of the checkpoint pathway. The hypersensitivity to
genotoxic agents of DDC2-overexpressing cells may then
be the consequence of their inability to recover from the
DNA damage-induced cell cycle arrest.

In summary, although with different features, over-
production of either Tell or Ddc2 results in prolonged
delay of cell cycle progression, indicating that unbalancing
the levels of checkpoint kinases or kinase-interacting
factors may hyperactivate the checkpoint. In this view,
other proteins important for dephosphorylating Mecl—
Ddc2, Tell or Rad53 itself may then become rate limiting
for recovery from the checkpoint-mediated cell cycle
arrest in the presence of unregulated kinase levels. Finally,
our finding that the cell cycle arrest caused by Ddc2 and
Tell overproduction requires Rad53 and correlates with its
enhanced and persistent phosphorylation strengthens the
hypothesis that unscheduled Rad53 phosphorylation may
prevent cells from re-entering the cell cycle after a
checkpoint-mediated cell cycle arrest. A search for
multicopy suppressors of the cell cycle arrest caused by
Tell and Ddc2 overproduction may allow the identific-
ation of proteins specifically required for termination of
the checkpoint response.

Materials and methods

Plasmids, yeast strains and media

The genotypes of all the yeast strains used in this study are listed in
Table I. All yeast strains were derivatives of W303 (MATa or MATa.,
ade2-1, canl-100, trpl-1, leu2-3,112, his3-11,15, ura3).

To obtain plasmid pML284.36, containing a TEL! DNA fragment
spanning from the ATG (+1) to position +1476 fused to the GALI
promoter, the 1476 bp TELI fragment was amplified by PCR using
yeast genomic DNA as a template, the oligonucleotides PRP222 (5'-
CGCGGATCCATATGGAGGATCATGGGATTGTAGAAACT-3’) and

6495



M.Clerici et al.

Table I. Saccharomyces cerevisiae strains used in this study

Strain Genotype Reference/source

K699 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 Longhese et al. (1997)
K700 MATo. ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 Longhese et al. (1997)
YLL157 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 rad9A::URA3 Longhese et al. (1996)

YLL244 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddclA::KanMX4 Longhese et al. (1997)

YLL275 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddc2A::KanMX4 Paciotti et al. (2000)
[pPML94 URA3 CEN4 DDC2]

YLL279.2 MATa ade2-1 canl-100 his3-11,15 trpl-1 ura3 leu2-3,112::GALI-DDC2::LEU2 this study

YLL490 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 meclA::HIS3 smilA::KanMX4 Longhese et al. (2000)

YLL516 MATa ade2-1 canl-100 his3-11,15 trp1-1 leu2-3 112 ura3::GALI-MECI::URA3 Paciotti et al. (2001)

YLL509 MATa ade2-1 canl-100 his3-11,15 leu2-3 112 trpl-1 ura3 rad53A::HIS3 smllA::KanMX4 Longhese et al. (2000)

YLL826 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 [pML225 URA3 CEN4 GALI-MECI] this study

YLL827 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 [YCplac33 URA3 CEN4] this study

YLL836 MATa ade2-1 canl-100 his3-11,15 trpl-1 ura3 leu2-3,112::GALI-DDC2::LEU2 this study
[pPML225 URA3 CEN4 GALI-MECI]

YLL837 MATa ade2-1 canl-100 his3-11,15 trp1-1 ura3 leu2-3,112::GALI-DDC2::LEU2 this study
[YCplac33 URA3 CEN4]

YLL848 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 TELI-HA3::URA3::tell this study

YLL930 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddc2A::KanMX4 this study
[pPML94 URA3 CEN4 DDC2] [pML240 LEU2 CEN4 GALI-MECI]

YLL932 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 GALI-TELI-HA3::LEU2::tell this study

YLL943 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 GALI-TELI::LEU2::tell this study
[pPML94 URA3 CEN4 DDC2]

YLL944 MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 [pML94 URA3 CEN4 DDC2] this study
[pPML240 LEU2 CEN4 GALI-MECI)

DMP2995/1B MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddc2A::KanMX4 smllA::KanMX4 Paciotti et al. (2000)

DMP3356/4A MATa ade2-1 canl-100 his3-11,15 trp1-1 ura3 leu2-3,112::GALI-DDC2::LEU2 this study
rad53A::HIS3 smllA::KanMX4

DMP3392/4A MATa ade2-1 canl-100 his3-11,15 trp1-1 ura3 leu2-3,112::GALI-DDC2::LEU2 rad9A::URA3 this study

DMP3462/2B MATa ade2-1 canl-100 his3-11,15 trpl-1 ura3 leu2-3,112::GALI-DDC2::LEU2 meclA::HIS3 this study
smllA:: KanMX4

DMP3463/10C MATa ade2-1 canl-100 his3-11,15 trp1-1 ura3 leu2-3,112::GALI-DDC2::LEU?2 ddclA::KanMX4 this study

DMP3475/3D MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddc2A::KanMX4 GALI-TELI::LEU2::tell this study
[PML94 URA3 CEN4 DDC2]

DMP3479/2A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 rad53K227A::KanMX4 this study

DMP3479/2B MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 rad53K227A::KanMX4 this study
GALI-TELI::LEU2::tell

DMP3532/8A MATa ade2-1 canl-100 his3-11,15 trpl-1 leu2-3,112 ura3::GALI-MECI1::URA3 this study
ddc2A::KanMX4 smllA::KanMX4

DMP3539/9D MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3::GALI-MEC1::URA3 this study
GALI-TELI::LEU2::tell

DMP3539/10D MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 GALI-TELI::LEU2::tell this study

DMP3562/2A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 meclA::HIS3 smllA::KanMX4 this study
GALI-TELI::LEU2::tell

DMP3575/4A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 ddclA::KanMX4 GALI-TELI::LEU2::tell this study

DMP3575/6B MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 rad9A::URA3 GALI-TELI::LEU2::tell this study

DMP3598/6A MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 DDC2-HA3::URA3 this study
DDCI-HA2::LEU2::ddcl CHKI-MYCI18::HIS3 GALI-TELI::LEU2::tell

DMP3598/21D MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 DDC2-HA3::URA3 this study
DDCI-HA2::LEU2::ddcl CHKI-MYCI8::HIS3

DMP3602/9C MATa ade2-1 canl-100 his3-11,15 trp1-1 leu2-3,112 ura3 GALI-TELI::URA3::tell this study
ddc2A::KanMX4 smllA:: KanMX4

DMP3611/3B MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 rad53K227A::KanMX4 this study
chklA::HIS3 GALI-TELI::LEU2::tell

DMP3611/6D MATa ade2-1 canl-100 his3-11,15 leu2-3,112 trpl-1 ura3 chklA::HIS3 GALI-TELI::LEU2::tell this study

Plasmids are indicated in square brackets.

PRP223 (5'-GCTCTAGAGTAAGCAAACTTTAAATAGGCGTGCCA-
3’) as primers, and Pfu polymerase (Stratagene). The PCR amplification
product was then cloned into the BamHI-Xbal sites of plasmid pML95
(Longhese et al., 1997) and controlled by DNA sequence analysis. To
construct plasmid pML285, used to generate the TELI-HA3 allele, a
TELI fragment spanning from position —1000 to position +900 from the
translation initiation codon was amplified by PCR using genomic DNA as
template and oligonucleotides PRP213 (5-GGAATTCAATCATA-
CACGGCAAGCATA-3’) and PRP214 (5-GGAATTCCTTAAGCGC-
AGTAGAATGTA-3’) as primers, and then cloned into the EcoRI site of
plasmid YIplac211 (Gietz and Sugino, 1988). A Notl restriction site was
then introduced by PCR after the TELI codon 2 and sequences encoding
three tandem hemagglutinin (HA3) epitopes were inserted into it, thus
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giving rise to plasmid pML285. Plasmid pML322, used to generate
the GALI-TELI-HA3 allele, was originated by inserting the 1012 bp
HindIll TELI fragment from pML285 into the HindIII site of plasmid
pML284.

Strain YLL850.2, carrying one copy of the GALI-TELI fusion
integrated at the TEL/ locus, was obtained by transforming strain K699
with Bipl-digested plasmid pML284.36, and then crossed with strain
DMP2760/1A (Longhese et al., 2000) to obtain the meiotic segregants
DMP3479/2A, DMP3479/2B and DMP3479/1D. Strains YLL848 and
YLL932, carrying one copy of the TELI-HA3 or GALI-TELI-HA3
alleles at the TELI locus, were obtained by transforming strain K699 with
Mfel-digested plasmid pML285 and Bipl-digested plasmid pML322,
respectively. The kinetics of cell cycle progression of these strains were



indistinguishable from those of strains K699 and DMP3539/10D,
respectively, under both uninduced and galactose-induced conditions.
To generate the CHKI chromosomal deletion, a chklA::HIS3 cassette
was constructed by PCR using pFA6a-HIS3 plasmid (Wach et al., 1994)
as template, and oligonucleotides PRP190 (5-TATCATAAGTTG-
CTGTATATGGGCAGCACGTATTACTATGAGTCTCGTACGCTGC-
AGGTCGAC-3") and PRPI91 (5-TGTCTCCATTTTTTTCAGTTG-
GGAATTAGGATAATATCCCTACAGATAGTATCGATGAATTCG-
AGCTCG-3") as primers, followed by transformation of strain K699
with the PCR product, giving rise to strain YLL736, where the 1540 bp
of the CHKI coding region were replaced by the Kluyveromyces lactis
HIS3 gene. Strains DMP3611/3B and DMP3611/6D were meiotic
segregants from a cross between strains YLL736 and DMP3479/1D.
Strain YLL850.2 was also crossed with strain K700, and the derivative
DMP3469/2B meiotic segregant was then crossed to strain YLL516 to
obtain the DMP3539/9D and DMP3539/10D meiotic segregants. Strain
DMP3469/2B was also crossed with strains YLL490 (Longhese et al.,
2000), YLL244 (Longhese et al., 1997) and YLL157 (Longhese et al.,
1996) to obtain the DMP3562/2A, DMP3575/4A and DMP3575/6B
meiotic segregants, respectively. Strain YLL.922, carrying the CHKI-
MYCI8 allele at the CHKI chromosomal locus, was generated by the
PCR one-step tagging method (Knop et al., 1999) using, respectively,
plasmid 3746 (K.Nasmyth; IMP, Vienna) as the template and
oligonucleotides PRP217 (5'-CTTTAGAATGGAGAAGATTGTTCA-
AGAAAATTTCAACTATCTGTAGGGATATTATCCTAATTCCCA-
ACTCCGGTTCTGCTGCTAG-3") and PRP218 (5-ATAAGTAGA-
AAGAATTTTTTTTTTTTTTTGATCAGTGCATCTTAACCCTTCT-
TTTGTCTCCATTTTTTCCTCGAGGCCAGAAGAC-3’) as primers.
Since CHK1 alterations do not cause obvious phenotypes, but impair
Pds1 phosphorylation (Sanchez et al., 1999), we verified that DNA
damage-induced Pdsl phosphorylation was unaffected in CHKI-
MYCI8 cells. Strains DMP3598/6A and DMP3598/21D were derived
from crossing strains YLL922 and DMP3548/3B, which was derived
from a cross between strains DMP3198/1A (Paciotti et al., 2000) and
DMP3469/2B.

Strain YLL279.2, carrying one copy of the GALI-DDC2 fusion
integrated at the LEU2 locus, was obtained by transforming strain K699
with Clal-digested plasmid pML105 (Paciotti et al., 2000). Strains
YLL826 and YLL827 were obtained by transforming strain K699 with
plasmids pML225 (Longhese et al., 2000) and YCplac33 (Gietz and
Sugino, 1988), respectively. Strains YLL836 and YLL837 were obtained
by transforming strain YLI.279.2 with plasmids pML225 and YCplac33,
respectively. Strain YLL279.2 was also crossed with strains DMP2855/
6B, DMP2946/2C, DMP2946/3A and DMP2854/2B to generate
the DMP3356/4A, DMP3392/4A, DMP3463/10C and DMP3462/2B
meiotic segregants, respectively. Strains DMP2855/6B, DMP2946/2C,
DMP2946/3A and DMP2854/2B were, respectively, meiotic segregants
from the crosses YLL509 (Longhese et al., 2000)/K700, YLL157/K700,
YLL244/K700 and YLL490/K700. Strain DMP3475/3D was a meiotic
segregant from a cross between strains YLL275 (Paciotti et al., 2000)
and DMP3469/1A, which was derived from a cross between strains
DMP3539/10D and K700. Strain YLL930 was obtained by transform-
ation of strain YLL275 with plasmid pML240 (Longhese et al., 2000).
Strain YLL943 was obtained by transformation of strain 3539/10D with
plasmid pML94 (Paciotti et al., 2000). Strain YLL944 was obtained by
transformation of strain K699 with plasmids pML240 (Longhese ef al.,
2000) and pML94 (Paciotti et al., 2000). Strain DMP3532/8A was a
meiotic segregant from a cross of strains YLL516 and DMP2995/6C,
which was derived from a cross between strains DMP2995/1B (Paciotti
et al., 2000) and K700. Strain DMP3602/9C was derived from the cross
between strains YLL2995/6C and DMP3539/10D.

The accuracy of all gene replacements and integrations was verified by
Southern blot analysis or PCR. Standard yeast genetic techniques and
media were according to Rose et al. (1990). Cells were grown in
YEP medium (1% yeast extract, 2% bactopeptone, 50 mg/l adenine)
supplemented with 2% glucose (YEPD) or 2% raffinose (YEP-raf) or 2%
raffinose and 1% galactose (YEP-raf-gal). Transformants carrying the
KanMX4 cassette were selected on YEPD plates containing 400 pg/ml
G418 (US Biological).

Evaluation of endogenous and galactose-induced Ddc2,

Tel1 and Mec1 protein levels

To compare Ddc2, Tell and Mecl protein levels expressed from the
GALI promoter under galactose-induced conditions to the endogenous
levels of the same proteins, isogenic W303 derivative strains expressing
tagged DDC2-HA3 (Paciotti et al., 2000), MECI-HA9 (Paciotti et al.,
2000) and TELI-HA3 alleles (Table I) either from their own promoters or
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from the GALI promoter were grown in raffinose-containing medium and
then shifted to raf-gal-medium for 4 h. The same amounts of protein
extracts prepared from the above cultures were loaded onto an
SDS—polyacrylamide gel and subjected to western blot analysis with
anti-HA antibodies. Films were then scanned and bands quantified with
NIH Image. By this analysis, the levels of Mec1, Tell and Ddc2 produced
under galactose-induced conditions by the strains carrying the GALI
constructs were ~20-, 20- and 25-fold higher, respectively, than the
corresponding endogenous levels.

Other techniques

Synchronization experiments, total protein extract preparation and
western blot analysis were performed as described in Paciotti et al.
(2000).
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